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Edited by Stuart FergusonAbstract The ATP binding cassette transporters ABCG5 and
ABCG8 are indispensable for hepatobiliary cholesterol trans-
port. In this study, we investigated the speciﬁcity of the hetero-
dimer for cholesterol acceptors. Dog gallbladder epithelial cells
were mono- or double-transfected with lentiviral mouse Abcg5
and Abcg8 vectors. Double-transfected cells showed increased
eﬄux to diﬀerent bile salt (BS) species, while mono-transfected
cells did not show enhanced eﬄux. The eﬄux was initiated at
micellar concentrations and addition of phosphatidylcholine
increased eﬄux. Cholesterol secretion was highly BS dependent,
whereas other cholesterol acceptors such as ApoAI, HDL or
methyl-b-cyclodextrin did not elicit Abcg5/g8 dependent choles-
terol secretion.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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ABCG5; ABCG81. Introduction
The mechanism of biliary cholesterol secretion has long been
an enigma. The discovery that defects in the ABC transporters
Abcg5 and Abcg8 were responsible for the disease sitostero-
lemia has provided considerable new insight [1,2]. Abrogating
the activity of both or just one of the half transporters not only
inﬂuenced plant sterol transport but also strongly decreased
secretion of cholesterol into the bile [3–5]. The transporters re-
quire co-expression and probably accessory proteins to invoke
traﬃcking from their site of synthesis in the ER to the apical
site of hepatocytes and only the heterodimer shows catalytic
activity [6,7]. Recent studies making use of reconstituted
ABCG5 and ABCG8 have provided crucial information about
their function. The heterodimer shows ATPase activity and
may use this energy to transport sterols through the membrane
[8–10]. Only one group was able to show stimulation of ATP-
ase activity by sterols [9]. The Km of ATP seems to be rela-
tively high indicating that the proteins may be sensitive to
the energy state of the cell [8–10]. Although it is now clear that
the heterodimer interacts with sterols and shows strong speci-
ﬁcity for the conﬁguration of the sterol ring, the molecular*Corresponding author. Fax: +31 20 5669190.
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lesterol remains to be elucidated.
We have recently provided evidence that the original concept
about Abcg5/g8 function advanced by Small does not hold
true [11]. Small proposed that the heterodimer does not ﬂop
cholesterol from the inner to the outer leaﬂet of the membrane
but instead catalyses uptake by lifting a cholesterol molecule
out of the plane of the membrane. We demonstrated that
forced infusion with hydrophobic bile salts in the Abcg8
knock-out mouse depleted the hepatic canalicular membrane
of cholesterol indicating that transmembrane movement had
become rate-limiting [12]. This pointed to ﬂoppase activity
rather than extrudase or liftase activity. It is however, not clear
how these results can be reconciled with the in vitro data show-
ing rapid transbilayer translocation of cholesterol [13–16].
Apparently, the high sphingolipid content of the canalicular
membrane makes it so rigid that cholesterol movement is
strongly restricted. In the present study we investigated the
interaction of the Abcg5/g8 with diﬀerent cholesterol accep-
tors. For this purpose we stably transfected dog gallbladder
epithelial cells with mouse Abcg5 and g8. The results show that
the heterodimer requires the presence of bile salt micelles as
cholesterol acceptor.2. Materials and methods
2.1. Materials
Cholesterol, L-a-phosphatidylcholine (egg yolk), fatty acid free
BSA, streptavidin-agarose, methyl-b-cyclodextrin and cholic acid
(>98%) were purchased from Sigma Chemical Co. (St. Louis, MO,
USA). ApoA-I and HDL were purchased from Calbiochem (la Jolla,
CA, USA). [1,2-3H] cholesterol (38 lCi/mmol) was purchased from
Amersham (Little Chalfont, UK). Sulfo-NHS-LC-biotin was from
Pierce (Rockford, IL, USA) and CHAPS from Boehringer Mannheim
GmbH, (Mannheim, FRG).
2.2. Methods
Dog gallbladder epithelial cells were cultured in Dulbecco’s Modiﬁed
Eagle’s Medium (DMEM; BioWhittaker, Verviers, Belgium) supple-
mented with 10% fetal calf serum, 2 mM glutamine, 100 IU/ml penicil-
lin and 100 lg/ml streptomycin in a humidiﬁed 37 C incubator in the
presence of 5% CO2. The cells used for eﬄux experiments were seeded
into 24-multiwell plates and grown till conﬂuence during 7 days.
2.3. Construction and production of lentiviral vectors
An improved third generation self-inactivating lentiviral vector sys-
tem was the basis of our lentiviral vector constructs and was used as
described [17]. Bicistronic lentiviral vectors were constructed by clon-
ing green ﬂuorescent protein (GFP) or the red ﬂuorescent proteinblished by Elsevier B.V. All rights reserved.
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site (IRES) in the lentiviral viral backbone CMV-GFP [17]. Upstream
of the IRES-GFP or IRES-DsRed expression cassettes, mouse Abcg5
or Abcg8 cDNA was cloned. In these vectors, the cytomegalovirus
(CMV) promoter is driving expression of the transgene. Lentiviral vec-
tors were generated by cotransfection of 293T cells and concentrated as
described [17]. Lentiviral vectors were titrated by transducing 1 · 105
DGBE cells with dilutions of vector stock and determining the percent-
age of GFP or DsRed positive cells by ﬂow cytometry. Cells positive
for GFP or DsRed or both were sorted using a Becton Dickinson
FACS ARIA cell sorter. We chose gallbladder epithelial cells for the
transfection because these cells grow polarized and express Abcg5
and g8 endogenously [18], hence accessory proteins required for trans-
port of the heterodimer to the apical membrane are present.
2.4. Cholesterol eﬄux assay
Cholesterol eﬄux was measured as described by van Wijland et al.
[19]. In brief, cholesterol loading was performed by incubating DGBE
for a period of 20 h with DMEM supplemented with 0.5 lCi/ml
[3H]cholesterol, and 0.2% fatty acid free BSA. The cells were washed
four times with PBS/BSA and eﬄux was initiated by addition of med-
ium consisting of DMEM supplemented with diﬀerent cholesterol
acceptors. After the incubation in a humidiﬁed 37 C incubator in
the presence of 5% CO2, medium was collected and centrifuged
(10000 · g; 5 min) to remove cellular debris. Aliquots of the superna-
tant were taken for counting eﬄuxed 3H-cholesterol. The remaining
cell associated 3H-cholesterol was determined after extraction for at
least 30 min with 2-propanol. The radioactivity released to the medium
was expressed as the fraction of the total radioactive cholesterol pres-
ent in each well.
2.5. Plasma membrane detection of Abcg5
Biotinylation of cell surface proteins was performed with Pinpoint
Cell Surface Protein Isolation Kit according the manufacturer’s proto-
col (Pierce, Rockford, USA) as described previously [20]. Up to
1 lgram protein was fractionated by 10% SDS–PAGE, blotted over-
night, blocked in phosphate-buﬀered saline (PBS)/4% milk powder/
0.05% Tween-20, and incubated with anti-Abcg5 [21]. Immune
complexes were visualized with horseradish peroxidase-conjugated
immunoglobulins and detected using enhanced chemiluminescence
(Amersham, Buckinghamshire, UK).
2.6. Statistical analysis
Data are shown as means ± S.D. Statistical signiﬁcance of diﬀer-
ences was evaluated by Student’s t-test or Mann–Whitney U test. Sig-
niﬁcance was set at P values <0.05.3. Results
DGBE were transfected with lentiviral constructs containing
either mouse Abcg5 and Abcg8 alone or both together. The
constructs contained also GFP or DSred localized after anFig. 1. Expression of transgenic mouse Abcg5 in DGBE in absence or presen
intracellular (lanes 5–8) or plasmamembrane (lanes 9–12) fraction was detecte
Abcg5. The plasma membrane fraction was isolated after biotinylation of thinternal ribosomal entry site to be able to monitor success of
transfection without risking inﬂuence of the extra protein tag
on intracellular protein traﬃcking. To conﬁrm presence of
the proteins on the plasma membrane, DGBE were biotynilat-
ed and plasma membranes separated on a sepharose-streptavi-
din column.
Fig. 1 shows that expression of Abcg5 could be demon-
strated in the cells but also plasma membrane fraction. In con-
trast, to an earlier study [6] the protein was also present on the
plasma membrane when singly transfected. However, the pres-
ence clearly increased when Abcg8 was co-transfected (Fig. 1,
lane 12). The anti-mouse Abcg5 antibody did not cross-react
with dog Abcg5 which has been shown to be present in these
cells [18]. Activity of the heterodimer on the plasmamembrane
of the double transfected cells was also reﬂected in cholesterol
eﬄux experiments. When DGBE were loaded with 3H-choles-
terol and incubated in the presence of the hydrophylic bile salt
tauroursodeoxycholic acid, the Abcg5/g8 double transfected
cells showed a strong stimulation of cholesterol eﬄux
(Fig. 2A). DGBE mono transfected with Abcg5 or Abcg8
showed similar eﬄux as the non-transfected cells. The control
eﬄux may be due to endogenous (dog) g5 and g8 [18]. Eﬄux
was linear in time up to 120 min (data not shown). The
CMC of TUDC is around 7.5 mM and the eﬀect is most
noticeable at the higher concentrations of the TUDC suggest-
ing that micelles are required to initiate the eﬄux. More
hydrophobic bile salts such as taurocholate (Fig. 2B) and
taurodeoxycholate (Fig. 2C) induced more eﬄux at concentra-
tions above their CMC but also the non-Abcg5/g8 dependent
eﬄux increased making direct comparison of the relation be-
tween hydrophobicity and Abcg5/g8 mediated eﬄux diﬃcult.
Addition of phosphatidylcholine (PC) strongly stimulated
both TUDC and TC induced eﬄux, reaching a maximum at
a TUDC/PC ratio of 20 (Fig. 3). Interestingly, in particular
in the case of TUDC, at lower ratio’s eﬄux decreased again.
PC liposomes were not able to induce Abcg5/g8 mediated
eﬄux (data not shown). We have also tested the ability of
other cholesterol acceptors to induce Abcg5/g8 dependent
eﬄux. Fig. 4 shows that apoA1 and HDL failed to induce
Abcg5/g8 speciﬁc eﬄux. A similar result was observed for
methyl-b-cyclodextrin, which in contrast to apoA1 or HDL
does not interact with proteins but takes up cholesterol directly
from the membrane [22]. Since this cholesterol acceptor is very
potent and may overrule the importance of Abcg5/g8 we have
used limiting amounts of the acceptor and carried out kinetic
studies. Similar results were obtained at lower concentrationsce of cotransfected Abcg8. Presence of Abcg5 in cell lysates (lanes 1–4),
d by immunoblotting with a rabbit polyclonal antibody against mouse
e cells as described in Section 2. In each lane 1 lg protein was loaded.
Fig. 2. Cholesterol eﬄux induced by diﬀerent types of bile salt.
Control or Abcg5 and or g8 transfected cells were loaded with 3H-
cholesterol and subsequently incubated with increasing concentrations
of tauroursodeoxycholate (TUDC), taurocholate (TC) or tauro-
deoxycholate (TDC) for a period of 60 min. Data are presented as
means ± S.D., n = 3.
Fig. 3. Addition of phosphatidylcholine to bile salts induces choles-
terol eﬄux from Abcg5/8 overexpression cells. Abcg5 and or g8
transfected cells were loaded with 3H-cholesterol and subsequently
incubated with 10 mM TUDC (A) or 10 mM TC (B) and increasing
concentrations of phosphatidylcholine as indicated in the ﬁgure for a
period of 60 min. Data are presented as means ± S.D., n = 3.
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conditions no Abcg5/g8 speciﬁc eﬄux was observed. Appar-
ently, the heterodimer shows preference for bile salts or
requires a speciﬁc detergent action on the membrane. To inves-
tigate the latter option we have used the bile salt analogue
detergent CHAPS to induce eﬄux. At 10 mM, CHAPS in-
duced strong eﬄux but there was no diﬀerence between the
double transfected cells and the controls. Addition of PC
inhibited eﬄux probably by attenuation of aspeciﬁc detergent
activity but the PC eﬀect was the same in single and double
transfected cells and no speciﬁc Abcg5/g8 mediated activity
emerged (data not shown).4. Discussion
In this study, we show for the ﬁrst time that the sterol trans-
porting heterodimer Abcg5/g8 translocates cholesterol only
when simple or mixed bile salt micelles are present to accept
the cholesterol. Apolipoprotein A-I and HDL were not able
to accept cholesterol from Abcg5 and Abcg8 overexpressingcells indicating that the heterodimer acts very diﬀerently from
other ABC transporters such as ABCA1 or ABCG1 which
transport cholesterol and phospholipids to apoA1 or mature
HDL, respectively. The best characterized cholesterol trans-
porting ABC transporter is ABCA1. Although somewhat
controversial, the protein is most probably primarily an
aminophospholipid ﬂoppase [23–25]. By creating local amino-
phospholipid rich regions in the plasmamembrane the protein
may create domains which are able to bind apoAI which sub-
sequently accepts phospholipid and cholesterol either simulta-
neously or sequentially [26–28]. Abcg5/g8 mediated cholesterol
eﬄux clearly proceeds via an entirely diﬀerent mechanism.
When studied in proteoliposomes the dimer has been shown
to accelerate absorption of cholesterol or sitosterol but the ste-
reoisomer enantio-cholesterol was not recognized [9]. Phos-
phatidylcholine was also not recognized suggesting that
unlike ABCA1, the Abcg5/g8 heterodimer has a speciﬁc bind-
ing site for 3-b-hydroxysterols [9]. In our previous study, we
have provided evidence that the Abcg5/g8 heterodimer is
involved in ﬂopping of cholesterol rather than just extruding
the sterol [12]. Just ﬂopping of sterol from the inner to the out-
er leaﬂet would result in cholesterol rich domains in the outer
leaﬂet which than could serve as docking site for cholesterol
acceptors such as methyl-b-cyclodextrin. This is apparently a
Fig. 5. Abc5/8-dependent cholesterol eﬄux is not induced by detergent
cyclodextrin. Cells were loaded with 3H-cholesterol and incubated with
4 mM methyl-b-cyclodextrin and eﬄux was monitored for the time
indicated in the ﬁgure. Data are presented as means ± S.D., n = 3.
Fig. 4. Apolipoprotein ApoA1 and HDL do not induce Abcg5/8-
dependent eﬄux. Control or Abcg5 and or g8 transfected cells were
loaded with 3H-cholesterol and incubated with 10 mM TUDC, 10 lg/
ml apolipoprotein A1 or 50 lg/ml HDL. Eﬄux was monitored for
60 min. Data are presented as means ± S.D., n = 3.
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erally used cholesterol acceptors showed Abcg5/g8 accelerated
uptake. Uptake of cholesterol by phospholipid liposomes and
HDL has been generally supposed to occur via exchange of
cholesterol through the water phase. Had Abcg5/g8 produced
cholesterol rich domains this would have resulted in an in-
crease in cholesterol activity in the aqueous phase and hence
increased transport to liposomes and HDL. We speculate that
sterol ﬂopped by Abcg5/g8 remains bound to the proteins until
it is picked up by (mixed) bile salt micelles. Micelles must be
present because when we shifted the mixtures to the vesicular
phase by increasing the concentration of phospholipids, eﬄux
rate decreased (Fig. 3). How the bile salt micelles release cho-
lesterol from Abcg5/g8 is not clear. We cannot exclude that
monomers compete with bound cholesterol on the heterodimer
and the micelles merely serve as sink. When bile salt micelles
indeed play an indispensable role in sterol uptake from
Abcg5/g8 one would expect this to have consequences for ste-
rol absorption in the intestine as well. Indeed, patients with a
defect in 7-a-hydroxylase activity leading to strongly decreasedlevels of bile salts show increased levels of plant sterols in plas-
ma [29].
In conclusion, the sterol transporter Abcg5/g8 regulates cho-
lesterol secretion into bile. Interestingly, the proteins require
the presence of (mixed) bile salt micelles. We have found no
other suitable acceptor. This has consequences for human
disease in which the intestinal bile salt content is low and
may explain the relatively high levels of plant sterols that have
been observed in these patients.
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